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Jonathan G. Frye,1 Beatriz Quiñones,2 Sharon T. Horn,2 Insook Son,1

Paula J. Fedorka-Cray,1 and Mark A. Harrison3

Abstract

Comparative genome indexing (CGI) using whole-genome DNA microarrays was evaluated as a means of
genotyping Campylobacter jejuni relative to two standard methods, pulsed-field gel electrophoresis (PFGE)
and flaA short variable region sequencing (flaA SVR typing). Thirty-six geographically diverse C. jejuni
isolates were selected from a collection of cattle and chicken isolates. The BioNumerics� software program
was used for cluster analysis of the data from all 36 isolates for each of the three typing methods. Com-
parative genome indexing assigned a unique type to each isolate while PFGE and flaA SVR distinguished
29 and 35 different types, respectively. The four common types identified by PFGE were also closely related
by CGI, and the overall similarity of the CGI results to those for PFGE indicates the value of CGI as a more
informative alternative to PFGE. While flaA SVR was very discriminative, the isolates were all highly
similar (>78%) resulting in finer distinctions between isolates and fewer genotypic relations to CGI or
PFGE. Campylobacter jejuni is one of the most common causative agents of bacterial gastroenteritis in the
world. The development of CGI as a molecular typing tool for C. jejuni offers a highly effective and
informative means of further understanding the epidemiology of this ubiquitous pathogen.

Introduction

C ampylobacter is a common zoonotic
pathogen. Food animals, particularly poul-

try, comprise the major reservoir for this
organism (Moore et al., 2005). In humans, Cam-
pylobacter infections are most often sporadic in
nature, although outbreaks do occur. In the
United States, Campylobacter infections causing
diarrheal disease have been reported to occur
1.5 to 5.8 times more frequently than those due
to Salmonella, Shigella, or Escherichia coli O157:H7
(Friedman et al., 2000). It is estimated that in the

United States there are approximately 2.5 mil-
lion illnesses and over 120 deaths due to Cam-
pylobacter spp. every year (Mead et al., 1999).
Among Campylobacter spp., C. jejuni and to a
lesser extent C. coli are most commonly isolated
from human infections (Skirrow, 1994).

Effective discriminatory typing methods are
essential for source tracking and epidemio-
logical studies of major foodborne pathogens
such as Campylobacter. Methods used for geno-
typing Campylobacter include amplified frag-
ment length polymorphism, flagellin typing (fla
typing), pulsed-field gel electrophoresis (PFGE),
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ribotyping, and random amplified polymorphic
DNA analysis (Wassenaar and Newell, 2000).
PFGE and fla typing are two of the most com-
monly used and well-accepted methods for
genotyping C. jejuni (Patton et al., 1991). Among
typing methods that are based on the band
patterns of DNA fragments, PFGE is one of the
most discriminatory (Gibson et al., 1997). How-
ever, PFGE has several disadvantages, includ-
ing the high cost of reagents and the large
amount of time required to prepare the samples.
In addition, appropriate restriction enzymes
must be identified empirically because no single
enzyme adequately digests the DNA of all
bacterial strains. Further, as is the case with all
DNA fragment–based methods, interpreting
and standardizing the results is sometimes dif-
ficult and subject to error (Tenover et al., 1995;
Singer et al., 2004).

Analysis of the DNA sequence variability of
the short variable region (SVR) of the flaA fla-
gellin gene has proven to be a simple and useful
variation of the fla typing method for Campylo-
bacter allowing relatively high sample through-
put at reasonable cost (Meinersmann et al., 1997,
2005). This technique uses PCR primers that hy-
bridize to conserved sequences flanking the flaA
SVR to amplify a 267-bp region for sequencing.
Sequence-based flaA typing avoids difficulties
inherent in methods that rely on restriction
fragment length polymorphisms of the flagellin
genes. In particular, the gel patterns produced by
restriction digests of flaA PCR products are sub-
ject to variability and the information relating to
strain differences that can be obtained is limited
(Wassenaar and Newell, 2000). Since flaA SVR is
limited to analysis of variations in a single gene,
long-term time–location trends cannot be exam-
ined, but this method can be very useful for
discriminating more closely related Campylo-
bacter isolates (Hiett et al., 2007).

Over the last decade the sequences of a large
number of bacterial genomes have been com-
pleted, including several species of Campylo-
bacter (http:==www.ncbi.nlm.nih.gov=genomes=
lproks.cgi). The complementary development of
genome-scale hybridization technology em-
ploying DNA microarrays has enabled detailed
analyses of the genetic composition of a wide
range of microorganisms, including Campylo-
bacter (Brown and Botstein, 1999; Ehrenreich,

2006). Comparative genome indexing (CGI)
using whole-genome DNA microarrays allows
discrimination of bacterial isolates based upon
comparisons of the gene content of each strain to
that of a reference strain or strains on the mi-
croarray (Anjum et al., 2003; Call et al., 2003). This
method has been used to investigate the global
genomic diversity of C. jejuni strains and offers
considerable potential as a genotyping tool since
it provides more strain-specific information than
other typing techniques currently in use (Leo-
nard et al., 2003; Pearson et al., 2003; Taboada
et al., 2004; Parker et al., 2006; Quiñones et al.,
2008). However, CGI is not without limita-
tions. Point mutations, small deletions, gene re-
arrangements, and intergenic regions containing
promoter elements and nontranslated RNAs are
typically not present on DNA microarrays and
are thus excluded from the analysis. As with
PFGE, CGI is more costly and technically de-
manding than other genotyping methods, and
the analysis is dependent on the genomes incor-
porated into the microarray design. Despite this,
CGI has emerged as an important new means of
characterizing microbial populations, providing
insights into microbial evolution and genetic di-
versity (Ochman and Santos, 2005; Garaizar et al.,
2006; Kostrzynska and Bachand, 2006).

Thus far no typing method has been deter-
mined to be the definitive choice for Campylo-
bacter. Moreover, typing methods based on very
different strategies may be expected to yield
differing results and conclusions. This study
was designed to compare two of the most
commonly used methods for genotyping C.
jejuni, PFGE and flaA SVR, to CGI using whole-
genome DNA microarrays, and to determine
whether CGI is as discriminatory as the con-
ventional methods. A geographically diverse
group of 36 C. jejuni isolates from chickens and
beef cattle representing five main regions of the
United States were selected and typed using
CGI, PFGE, and flaA SVR.

Materials and Methods

Bacterial isolates and culture conditions

Eighteen C. jejuni isolates from chicken car-
cass rinses and 18 C. jejuni isolates from beef
cattle feces were selected from the Campylo-
bacter collection at the U.S. Department of
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Agriculture-Agricultural Research Service Rus-
sell Research Center in Athens, Georgia. Isolates
were chosen for this study from three different
years (1999, 2001, and 2002) and from all five
major geographic regions of the continental
United States to provide isolate diversity. These
regions were divided as follows: Midwest
(Iowa, Illinois, Kansas, Minnesota, Missouri,
North Dakota, Nebraska, South Dakota, and
Wisconsin), Northeast (Connecticut, Delaware,
Indiana, Massachusetts, Maryland, Maine, Mi-
chigan, New Hampshire, New York, New Jer-
sey, Ohio, Pennsylvania, Rhode Island, and
Vermont), Southeast (Alabama, Florida, Geor-
gia, Kentucky, North Carolina, Puerto Rico,
South Carolina, Tennessee, Virginia, and West
Virginia), Southwest (Arkansas, Louisiana,
Mississippi, Oklahoma, and Texas), and West
(Arizona, California, Colorado, Idaho, Mon-
tana, New Mexico, Nevada, Oregon, Utah,
Washington, and Wyoming). The isolates were
not epidemiologically linked and were geo-
graphically independent. Campylobacter isolates
were routinely stored as frozen stocks at �808C
in Mueller-Hinton broth supplemented with
10% glycerol. The isolates were recovered from
frozen stocks on Campy-Cefex agar plates
(Stern et al., 1992) and incubated under micro-
aerobic conditions (5% O2, 10% CO2, and 85%
N2) in zip-top bags for 48 hours at 428C. Species
confirmation of the isolates was determined
using the Campylobacter BAX� PCR (DuPont�
Qualicon, Wilmington, DE) as previously de-
scribed (Englen and Fedorka-Cray, 2002).

Campylobacter jejuni DNA

microarray construction

The DNA microarrays used in this study were
constructed from the open reading frames
(ORFs) of C. jejuni strains NCTC11168 (Parkhill
et al., 2000) and RM1221 (Fouts et al., 2005). For
NCTC11168, a total of 1530 individual ORFs
were amplified using the Sigma Genosys (The
Woodlands, TX) C. jejuni ORFmer primer set,
and for RM1221, a total of 227 individual ORFs
were amplified with primers from Operon
Technologies (Alameda, CA) that were de-
signed with ArrayDesigner (Version 2.0, Pre-
mier Biosoft, Palo Alto, CA) as in previous
studies (Parker et al., 2006; Quiñones et al., 2008).

The PCR products were purified on a Qiagen
8000 robot by using a Qiaquick 96-well Biorobot
kit (Qiagen, Valencia, CA) and spotted in du-
plicate onto Ultra-GAPS glass slides (Corning
Inc., Corning, NY) using an OmniGrid Accent
(GeneMachines, Ann Arbor, MI), as described
previously (Parker et al., 2006; Quiñones et al.,
2008). Immediately after printing, the micro-
arrays were UV crosslinked and blocked (Parker
et al., 2006; Quiñones et al., 2008).

Isolation and fluorescent labeling

of genomic DNA

Genomic C. jejuni DNA was isolated using the
PUREGENE Yeast & Gram-Positive Bacteria kit
(Gentra Systems, Minneapolis, MN) or the Qia-
gen DNeasy� kit, according to the manufactur-
er’s directions. For each microarray hybridization
reaction, DNA from the reference strains (C.
jejuni strain NCTC11168 and C. jejuni strain
RM1221) and a test isolate were fluorescently
labeled with indodicarbocyanine (Cy5) and in-
docarbocyanine (Cy3), respectively. Approxi-
mately 2mg of DNA was mixed with 5mL
10�NEBlot labeling buffer containing random
sequence octamer oligonucleotides (New Eng-
land Biolabs, Beverly, MA) and water to a final
volume of 41mL. This mixture was heated to
958C for 5 minutes and then cooled for 5 minutes
at 48C. Following this, the remainder of the
labeling reaction components were added: 5mL
of 10�dNTP labeling mix (1.2 mM each dATP,
dGTP, dCTP plus 0.5 mM dTTP in 10 mM Tris
pH 8.0 and 1 mM EDTA), 3mL of Cy3 dUTP or
Cy5 dUTP (Amersham Biosciences, Piscataway,
NJ ) and 1mL of Klenow fragment (New England
Biolabs). The labeling reactions were incubated
overnight at 378C. Labeled DNA was purified
from unincorporated label using Qiaquick PCR
Cleanup kits (Qiagen) and dried by vacuum.

Microarray hybridization and data analysis

Labeled reference and test DNA were com-
bined in a 45mL Pronto! cDNA hybridization
solution (Corning Life Sciences, Corning, NY)
and heated to 958C for 5 minutes and 15mL
of the hybridization mixture was put onto a
slide, sealed with a coverslip and incubated at
428C for 18 hours. Following hybridization, the
slides were washed and dried before scanning,
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as reported previously (Parker et al., 2006; Qui-
ñones et al., 2008). At least two hybridization
reactions were performed for each test isolate
and were quantified as described below.

DNA microarrays were scanned using an
Axon GenePix 4000B microarray laser scanner
(Molecular Devices, Sunnyvale, CA) at 532 nm
(Cy3) and 635 nm (Cy5) excitation wavelengths.
Features and local background intensities were
measured and quantified using GenePix 4.0
software (Molecular Devices). Spots were ex-
cluded from further analysis if they contained
anomalous spot morphology or were within re-
gions of high-fluorescent background (Quiñones
et al., 2008). The data were filtered so that spots
with a reference signal lower than the back-
ground plus two standard deviations of the
background were discarded. To compensate for
unequal dye incorporation, data normalization
was performed as described previously (Parker
et al., 2006; Quiñones et al., 2008). The normalized
data were converted to Cy3=Cy5 ratio data for all
isolates and analyzed further with GeneSpring
microarray analysis software (Version 6.2, Agi-
lent Technologies, Santa Clara, CA) using aver-
age-linkage hierarchical clustering with standard
correlation and bootstrapping (Parker et al., 2006;
Quiñones et al., 2008). The CGI analysis defined
the status of a gene as present when the nor-
malized Cy3=Cy5 ratios (test isolate=reference
strain) were �0.5 and variable (i.e., absent or
present but with sufficient sequence divergence
to prevent hybridization) when the normalized
Cy3=Cy5 ratios were <0.5. The normalized in-
tensity ratios were converted into binary form
using an average of the four data points for each
gene. A value of 1 was assigned to genes that
were present, and a value of 0 was assigned to
those found to be variable. These binary values
were then imported into the BioNumerics�

software program (Version 3.5, Applied Maths,
Austin, TX) using a script designed specifically
for this purpose. The Pearson similarity coeffi-
cient and the unweighted pair group method
using arithmetic averages (UPGMA) were used
for cluster analysis.

PFGE

The 24-hour standardized Campylobacter Pul-
seNet protocol of the U.S. Centers for Disease

Control and Prevention (Ribot et al., 2001) was
used with one modification: the lysis step was
extended from 15 minutes to 2 hours. All Cam-
pylobacter isolates were digested with SmaI re-
striction enzyme; Salmonella ser. Braenderup
H9812 DNA digested with XbaI was used as the
molecular size standard.

The Campylobacter PFGE patterns were ana-
lyzed with BioNumerics� using an optimization
setting of 1.0% and band position tolerance of
0.5%. Suspected double bands were resolved by
examining the plotted densitometric profiles of
the band patterns. Cluster analysis was per-
formed using the Dice coefficient and UPGMA.
In addition, all PFGE band patterns were care-
fully determined to be correctly grouped by
visual inspection.

flaA SVR typing

The method for flaA SVR typing described by
Meinersmann et al. (1997) was used with some
modification. Genomic DNA was isolated using
the PUREGENE DNA isolation kit (Gentra
Systems). The SVR region of the C. jejuni flaA
gene was amplified using the FLA4F and
FLAA623RU primer pair with the 30 primer
outside of the SVR to ensure that only the flaA
gene was amplified. For the sequencing reac-
tions, the FLA242FU and FLA623RU primers
were used. The sequencing reactions were per-
formed on an ABI 9700 thermal cycler (Applied
Biosystems, Foster City, CA) using the ABI
PRISM BigDye terminator cycle sequencing kit
(Version 1.1) according to the manufacturer’s
standard protocols. The DNA fragments were
separated and analyzed on an ABI 3100 Genetic
Analyzer with ABI PRISM Genetic Analyzer
data collection software (Applied Biosystems).
Sequences were further analyzed and contigs
were aligned using Vector NTI Advance soft-
ware (Version 9.0; Invitrogen, Carlsbad, CA).
Sequence data were then imported into BioNu-
merics and analyzed using pairwise compari-
sons.

Results

PFGE

PFGE differentiated 25 unique and 4 com-
mon types among the 36 C. jejuni isolates
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investigated. Four major clusters were identi-
fied, highlighted by colored shading in Fig. 1.
The largest of these clusters (green shading, Fig.
1) included a group with five common-type
cattle isolates (filled diamonds, Fig. 1) and four
additional isolates, two from chickens (PC0008
and PC0013) and two from cattle (PC0032 and
PC0035). Two pairs of outlying isolates were
also part of this cluster: chicken isolate PC0011
and cattle isolate PC0023, and two cattle isolates
with common types (filled circles, Fig. 1). Iso-
lates grouped mainly by host source, illustrated
by the group of six cattle isolates (PC0019–
PC0021, PC0024, PC0028, and PC0030) in the
second largest major cluster (blue shading, Fig.
1), and the major cluster composed entirely of

C. jejuni isolates from chickens (red shading,
Fig. 1); the latter cluster included the only PFGE
common type composed of chicken isolates
(filled stars, Fig. 1). The smallest of the main
PFGE clusters was also composed primarily of
chicken isolates (yellow shading, Fig. 1). In
contrast to isolate grouping by host source, little
distinct clustering by geographic region was
observed.

CGI

Comparative genome indexing differenti-
ated all of the 36 C. jejuni isolates as unique
types; the genotypic relationships of these CGI
types relative to those determined by PFGE are

FIG. 1. The genetic relatedness of cattle and chicken C. jejuni strains determined by pulsed-field gel electrophoresis
(PFGE). The dendrogram was generated in Bionumerics from cluster analysis using UPGMA and the Dice similarity
coefficient. Shaded blocks indicate major PFGE clusters. Symbols (~^�$) designate common PFGE types. Regions:
MW, Midwest; NE, Northeast; S, South; SW, Southwest; W, West.
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illustrated by colored shading in Fig. 2. A com-
parison with Fig. 1 shows that the main isolate
clusters determined using PFGE were largely
preserved by CGI although changes in specific
genotypic relationships among isolates were
apparent. For example, the 10-isolate major
PFGE cluster (blue shading, Fig. 1) consisted of
two smaller, four-isolate (cattle isolate PC0027
plus chicken isolates PC0009, PC0014, and
PC0018) and six-isolate (cattle isolates PC0019-
PC0021, PC0024, PC0028, and PC0030) clusters.
With CGI, 8 of these 10 isolates remained
grouped together but their genotypic relation-
ships were quite different (blue shading, Fig. 2);
note that cattle isolates PC0028 and PC0030 had
a common PFGE type but unique types by CGI.
Also, chicken isolate PC0009 and cattle isolate
PC0020 were split out of this PFGE group by
CGI (blue shading, Figs. 1 and 2). Similarly, the
13-isolate PFGE cluster (green shading, Fig. 1),
containing two common cattle types (filled di-
amonds and circles, Fig. 1), became more com-
plex by CGI. For instance, the five cattle isolates
with a common PFGE type (filled diamonds,
Figs. 1 and 2) remained closely related by CGI
but each had a unique type. Also, the common
PFGE type of cattle isolates PC0025 and PC0026
(filled circles, Figs. 1 and 2) was differentiated
by CGI and related more closely to chicken
isolates PC0009, PC0011, and PC0014 (blue,
green, and yellow shading, respectively, Fig. 2).
Chicken isolate PC0008 was separated by CGI
from its small PFGE cluster, a result similar to
that for cattle isolate PC0023.

The major PFGE cluster consisting only of
chicken isolates (PC0001–PC0007 and PC0012)
remained intact by CGI (red shading, Figs. 1
and 2) though the genotypic relationships of the
isolates within these clusters were somewhat
different; isolates PC0003 and PC0004 that had a
common PFGE type were differentiated by CGI.
Chicken isolates PC0010 and PC0017 main-
tained their relative relationship by PFGE and
CGI; however, chicken isolates PC0015–PC0016
and cattle isolate PC0022 separated from this
group by CGI (yellow shading, Figs. 1 and 2). As
with PFGE, both cattle and chicken C. jejuni
isolates tended to cluster by host source but not
by geographic region with CGI (Fig. 2).

The genomic regions of the C. jejuni isolates
with greatest variability and that therefore pri-

marily differentiated the isolates by CGI are
shown in Table 1. A total of 470 variable genes
(276 from C. jejuni NCTC11168 and 194 from C.
jejuni RM1221) distributed within 11 main
functional categories were identified. Most of
the variable genes identified from NCTC11168
(47.8%, 132=276) covered a broad range of func-
tional categories and were therefore grouped as
mixed in Table 1 for the sake of simplicity. Cell
envelope components, hypothetical proteins,
and ORFs with unknown functional properties
also represented significant (13–15%, 35–40 of
276) portions of the total NCTC11168 variable
genes. In contrast, the majority (62%, 120=194)
of variable genes from C. jejuni RM1221 con-
sisted of genomic islands (the Mu-like pro-
phage CJIE1 and integrated elements CJIE2 and
CJIE4). However, cell envelope components
accounted for a percentage of the variable genes
from RM1221 similar to that for NCTC11168
(12%, 23=194 and 13%, 35=276, respectively).
Within these groups of variable genes, all or a
portion of 17 of the 18 intraspecies hypervari-
able regions published by Parker et al. (2006)
were identified; region 18 (CJE0944–CJE0947)
was absent in our analysis. Portions of two ad-
ditional recently reported (Rodin et al., 2008)
variable regions (regions 19 and 21) were also
among the variable genes in our data.

flaA SVR typing

The flaA SVR results produced a dendrogram
with 35 different types (cattle isolates PC0023
and PC0030 had a common flaA SVR type)
though all isolates had a greater similarity
(>78%) than with PFGE or CGI. The genotypic
relationships of the flaA SVR types relative to
those determined by PFGE are illustrated by
colored shading in Fig. 3. The 36 C. jejuni isolates
were distributed among two major clusters,
separated by a smaller group containing a
chicken isolate (PC0014) and two cattle isolates
(PC0019 and PC0021). Note that this latter
group of three isolates was largely preserved
by all three typing methods (blue shading,
Figs. 1–3).

The major nine-member flaA SVR cluster
consisting of seven cattle and two chicken iso-
lates (green shading, Fig. 3) was also an integral
component of a corresponding PFGE cluster
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although their structures differed (green shad-
ing, Figs. 1 and 3); the five cattle isolates with a
common PFGE type were discriminated by flaA
SVR (filled diamonds, Figs. 1 and 3). This major
cluster (minus chicken isolate PC0008) was also
a feature of the CGI dendrogram (green shad-
ing, Fig. 2) and the five PFGE common-type
cattle isolates were also discriminated as unique
types by CGI (filled diamonds, Figs. 1 and 2).

The largest flaA SVR major cluster was a
complex rearrangement of the genotypic rela-
tionships determined by PFGE and CGI (col-
ored shading, Figs. 1–3). In several instances
isolates had closely related genotypes by flaA

SVR (e.g., chicken isolates PC0003–PC0004 plus
cattle isolates PC0020 and PC0024; chicken iso-
lates PC0002, PC0011, and PC0016; chicken
isolates PC0006, PC0010, and PC0017) but were
quite disparate by PFGE and CGI. The one
common flaA SVR type consisted of cattle iso-
lates PC0023 and PC0030, both of which were
more distantly related by PFGE and CGI (Figs.
1–3). However, the PFGE common type con-
sisting of chicken isolates PC0003 and PC0004
remained closely related by both flaA SVR and
CGI (filled diamonds, Figs. 1–3) as did the
PFGE common type of cattle isolates PC0028
and PC0030 (filled triangles, Figs. 1–3). Cattle

FIG. 2. The genetic relatedness of cattle and chicken C. jejuni strains by comparative genome indexing (CGI). The
dendrogram was generated in Bionumerics from cluster analysis using UPGMA and the Pearson similarity coefficient.
Shaded blocks indicate isolate relationships relative to the major pulsed-field gel electrophoresis (PFGE) clusters.
Symbols (~^�$) designate common PFGE types. Regions: MW, Midwest; NE, Northeast; S, South; SW, Southwest;
W, West.
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isolates PC0025–PC0026 had a common PFGE
type and were also closely related by CGI, but
were placed in separate subgroups by flaA SVR
(filled circles, Figs. 1–3). Isolates did not cluster
by geographic region with flaA SVR, and the
marked clustering by host source observed with
PFGE and CGI was limited to only some of the
cattle isolates (Fig. 3).

Discussion

A number of different methods have been
used for typing Campylobacter (Wassenaar and

Newell, 2000), but the Centers for Disease
Control and Prevention has adopted PFGE
for its national PulseNet program (http:==
www.cdc.gov=pulsenet) and this method has
become the de facto standard for typing Cam-
pylobacter in the United States. Among the 36
C. jejuni isolates in our study, PFGE identified 25
unique types while 11 isolates (31%) belonged to
four common types. The majority of common-
type isolates were from cattle (9=11, 82%). This
reflects the observation that the majority of iso-
lates clustered by host source using PFGE, but
also the limitations of PFGE for discriminating

FIG. 3. The genetic relatedness of cattle and chicken C. jejuni strains using flaA SVR typing. The dendrogram was
generated in Bionumerics from cluster analysis using UPGMA and pairwise comparisons. Shaded blocks indicate
isolate relationships relative to the major pulsed-field gel electrophoresis (PFGE) clusters. Symbols (~^�$) designate
common PFGE types. Regions: MW, Midwest; NE, Northeast; S, South; SW, Southwest; W, West.
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closely related isolates. PFGE depends solely
on differences in the genomic locations of re-
striction enzyme sites; mutations, gene inver-
sions, or minor insertions and deletions not
affecting these restriction sites will not be de-
tected. Thus the PFGE macrorestriction profiles
reveal similarities and differences between iso-
lates but provide little information on the ge-
netic basis of isolate relationships. For example,
Kudva et al. (2002) used PCR and Southern
hybridizations to demonstrate that differing
PFGE patterns in E. coli O157:H7 isolates re-
sulted from discrete insertions or deletions in
specific genomic regions characteristic of O157.
In Campylobacter, PFGE pattern differences
among clinical C. jejuni strains obtained from a
waterborne Canadian outbreak were found to
be the result of insertion or deletion events re-
lated to a Mu-like bacteriophage (Barton et al.,
2007).

CGI provided the highest level of discrimi-
nation between isolates and specific information
on the genetic loci that accounted for the ob-
served differences among them. Unique types
were determined for all 36 isolates and as with
PFGE there was a distinct tendency for the cattle
and chicken isolates to cluster with isolates from
the same host source. In addition, the genotypic
relationships determined by PFGE were quite
well conserved by CGI, including the 11 C. jejuni
isolates with common PFGE types. Rodin et al.
(2008) also reported a similar agreement be-
tween CGI and PFGE clustering results for
C. jejuni isolates although clustering by host
source was not conspicuous. Taken together,
these results show that similar PFGE patterns
are indicative of common genetic backgrounds
that CGI can elucidate.

The flaA SVR method has proven to be a
useful and convenient sequence based typing
technique for Campylobacter (Meinersmann et al.,
1997, 2005; Dingle et al., 2005) and is particularly
useful for studies of recent outbreaks or closely
related strains (Sails et al., 2003). In our study,
flaA SVR differentiated 35 unique types and one
common type, appreciably better isolate dis-
crimination than found with PFGE. However,
the genetic relationships determined using flaA
SVR shared less with those identified by CGI
and PFGE, and only cattle isolates clustered by

host source with flaA SVR. The high degree of
variability inherent in the SVR of flaA thus
proved useful for isolate discrimination but did
not reflect the larger genomic scales of the CGI
and PFGE techniques.

Eleven main categories for regions of high
genetic variability were identified from the CGI
data, comprising a total of 470 genes. Database
searches of the annotated C. jejuni genomes
NCTC11168 and RM1221 revealed that most of
these regions are associated with established
cellular functions including cell envelope com-
ponents, transport and binding proteins, and
energy metabolism. Also included were regions
of mixed cellular functions and hypothetical
proteins. Together with this group of variable
genes were large insertion elements and recog-
nized variable regions. Previous studies have
identified four genomic islands (CJIE1–CJIE4) in
RM1221 not found in NCTC11168 that have
been confirmed by microarray analysis (Parker
et al., 2006) and sequence comparisons (Fouts
et al., 2005). These integrated elements have
been studied in wild-type isolates and at least
one of the regions was found in approximately
55% of C. jejuni isolates studied (Parker et al.,
2006). A genetic comparison of clinical C. jejuni
isolates from South Africa also demonstrated a
significant role for these unique elements in
distinguishing closely related strains (Quiñones
et al., 2008). We found that integrated elements
CJIE1, CJIE2, and CJIE4 represented a major
portion (62%) of the variable genes attributed
to RM1221. Smaller regions of variable genes in
C. jejuni have also been shown to be important
in defining differences among isolates (Pearson
et al., 2003; Taboada et al., 2004; Parker et al.,
2006; Rodin et al., 2008). The variable genes
identified in our study included all or a segment
of variable regions 1–17 (Parker et al., 2006) and
portions of recently identified regions 19 and 21
(Rodin et al., 2008). Both the genomic islands
and distinct variable regions would undoubt-
edly contribute significantly to a streamlined
Campylobacter microarray design involving only
key variable genes.

Multi-locus sequence typing (MLST) is a DNA
sequence-based typing technique that evolved
from multi-locus enzyme electrophoresis (Urwin
and Maiden, 2003; Maiden 2006). A MLST
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method involving sequence analysis of seven
housekeeping genes was developed for C. jejuni
(Dingle et al., 2001, 2002), and MLST has also
been used recently for the analysis of C. coli from
human and food animal sources (Dingle et al.,
2005; Miller et al., 2006). This technique has
gained wide acceptance as a typing method for
Campylobacter, owing in part to the establishment
of a large Campylobacter MLST sequence type
database (http:==pubmlst.org). The housekeep-
ing genes used in the MLST schemes are not
hypervariable or subject to unusual selective
forces and are therefore well suited to evolution
and population studies of Campylobacter (Mai-
den, 2006). However, it is the reliance on a small
number of relatively stable genes that limits
MLST discrimination in some cases. For instance,
in a study of C. coli from cattle, chickens, swine,
and turkeys, 83% of the cattle isolates had the
same MLST sequence type, ST-1068 (Miller et al.,
2006). A recent comparison study of genotypic
and phenotypic methods for typing Campylo-
bacter clinical isolates concluded that MLST was
best suited for weakly clonal populations; sup-
plementing MLST data with that from an addi-
tional genotypic method such as flaA SVR or
ribotyping produced the best isolate discrimina-
tion (O’Reilly et al., 2006). A similar conclusion
was reached by Rodin et al. (2008) using oligo-
nucleotide microarrays, PFGE, and MLST for
genotyping C. jejuni from humans and chickens.
They suggested combining MLST with a second
typing method when examining epidemiological
relationships of isolates over a limited time pe-
riod. These observations point to the difficulty in
designing a universal Campylobacter genotyping
system equally useful for studying evolution as
well as localized outbreaks.

While no bacterial typing method can answer
every analytic need, CGI provides a wealth of
genome-wide information for comprehensive
analyses from which finer distinctions can be
drawn. The cost of CGI analysis is comparable to
other more technically involved genotyping
methods such as PFGE (approximately US$40.00
per sample). However, whole genome analysis
using DNA microarrays allows comparisons of
the entire genetic content of different bacterial
isolates, thus providing specific information on
the genetic basis of the observed strain differ-

ences. Analysis of these differences can identify
specific genes or gene clusters to serve as the
basis for further, more detailed analysis of strain
differences. As the number of sequenced Cam-
pylobacter genomes increases, focusing on these
variable regions will enable the design of even
more informative, yet simplified and more
cost-effective Campylobacter microarrays with
substantially reduced numbers of features. The
inherent flexibility of the microarray format fa-
cilitates designs that can include multiple Cam-
pylobacter strains and species to accommodate
diverse typing tasks. In the future more eco-
nomical microarray platforms, labeling and hy-
bridization technologies will further improve the
cost effectiveness of DNA microarrays as tools
for research and clinical investigations.
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